Abstract Mexico City depends heavily on shared aquifers; more than 72 % of the water supply is pumped from four aquifers shared by neighboring states. The overlap in competition between federal and local management agencies and the lack of coordination and planning at different levels inhibit efforts toward regional management of this highly demanded resource. An approach integrating the concepts of uses-problems and policy life cycle, with the driving force-pressure-state-impact-response framework was applied to identify key issues and select indicators tailored to the local problems. The issues were analyzed and developed into the components, describing the causality chain from driving forces to impacts and response. Thus, variables grouped into driving forces, pressures, states, impacts and responses were identified, which can be used as indicators for assessment and management of shared aquifers. The proposed structure seems to be appropriate to harmonize information needs and indicators, and to support cooperation between agencies in charge of management and development of the shared aquifers supplying Mexico City.
Introduction
Groundwater extraction has grown rapidly in the past decades, especially in developing countries. This phenomenon is evident in Mexico City, where more than 70 % of the total water supply comes from four aquifer systems shared by four neighboring states. Groundwater extraction in the last 60 years has caused a decline in the water level and land subsidence as a consequence. In recent years, water quality, rather than quantity, has become a concern in some areas of the country.
Both the federal and local governments are responsible for development and management of the water supply system in Mexico City, and they themselves recognize the aquifers are being overexploited. Control measures are being implemented to reduce the negative impacts and, although they have had some success at the local scale, the same problems keep appearing at new sites.
The complexity of the water supply system in Mexico City, and the overlap in competition between federal and local authorities constrain efforts toward regional management of the water resources; however, this also leads to the development of innovative management approaches (Sophocleous 2010) . Such approaches should include implementation of management measures from the perspective of shared water resources and the exchange of information between different agencies facing common problems.
Indicators are increasingly being developed and used as management tools for different purposes (Ojeda-Martınez et al. 2009; Godfrey et al. 2002; Karageorgis et al. 2006) . In Mexico, a system of indicators was developed to evaluate the performance of national environmental policy in the context of sustainable development, incorporating water quantity and quality issues (SEMARNAT 2000; Rodríguez-Ortega and Flores-Martínez 2009) . Despite Mexicós heavy dependence on groundwater, this resource is seldom taken into consideration when developing indicators.
Initiatives of UNESCO's International Hydrological Programme (IHP) phases, FAO, IAEA and UNEP as well as professional organizations such as the International Association of Hydrogeologists (IAH) have produced important methodological guidelines to develop groundwater indicators (UN/ECE 1999 , 2000 UNESCO 2007) . Groundwater indicators simplify the information collected in monitoring and assessment programs, help determine the current status and future trends of the systems, and support the analysis of natural processes and human impacts in space and time. Indicators are a useful tool for managers and policy makers because they allow evaluating the response of the system to implemented measures and aid to develop new actions.
In this work, a comprehensive methodological approach is applied to identify, discuss and define the key issues and the related variables which can be potentially used as indicators to support sustainable management of shared aquifers supplying Mexico City. This approach provides a way to reach agreement on key issues affecting shared groundwater resources and develop relevant indicators, and supports cooperation between agencies to meet the water management challenges of the future.
Water supply in Mexico City
Mexico City, established as Federal District (Distrito Federal, DF) by the Mexican Constitution, is located in the southwestern part of the Valley of Mexico, 2240 m above mean sea level (masl), and is enclosed by mountains that reach 5500 masl. With a population of approximately 8.85 million, the region faces the lowest per capita water availability estimated at 74 m 3 /year (CONAGUA 2009).
The water supply system in Mexico City includes ( Fig. 1): (1) transfer of surface water from basins located in the states of Mexico and Michoacán by means of the Cutzamala system, (2) transfer of groundwater from well fields located on aquifers shared by the states of Mexico, Michoacán, Hidalgo and DF (Chiconautla, PAI and Lerma systems), (3) groundwater extraction from wells in Mexico City (SACM wells), and (4) uptake of springs that outcrop in Sierra del Ajusco, a mountain chain located to the south of Mexico City. In this paper, only the systems extracting groundwater will be discussed ( In response to city growth, additional wells were drilled in other neighboring states to increase the water supply. Since 1957, the Chiconaultla System, located 32 km north of the city, conducts water from 41 wells drilled in the Cuautitlan-Pachuca aquifer underlying the Mexico and Hidalgo states. These wells extend to depths between 50 and 320 m, and currently provide an estimated flow of 1.3 m 3 /s. The system called Immediate Action Wells (Pozos de Acción Inmediata, PAI) was constructed in 1974, as a temporary solution to the city's water supply problem. This system provides 2.6 m 3 /s from 204 wells drilled into the ZMCM aquifer and the Cuautitlán-Pachuca aquifer, underlying the DF and the states of Mexico and Hidalgo.
Thus, the groundwater component of the water supply system in Mexico City comprises four political entities: DF, and the states of Mexico, Michoacán and Hidalgo (Table 1) . The CONAGUA manages these shared aquifers, mainly through their regional office called Waters of the Valley of Mexico Basin Authority (Organismo de Cuenca Aguas del Valle de Mexico, OCAVM), which is also involved in systems' operation. However, the agency primarily in charge of operation is the Mexico City Water System (Sistema de Agua de la Ciudad de Mexico, SACM).
Methodological approach
An approach integrating the concepts of uses-problems and policy life cycle, with the DPSIR (driving force-pressurestate-impact-response) framework was applied in this study (Fig. 2) . The approach proposed by UN/ECE (2000) for monitoring and assessment of transboundary groundwater was used to explore different management aspects of the aquifers shared locally by Mexico City and to recommend indicators tailored to the local needs as a management tool.
As a first step, the core issues defined by the use (or function) of groundwater and the problems that affect it were identified. Using official data and reports furnished by the water authority and local water providers, the predominant use and the problems in relation to this use were identified, which in turn permitted highlighting the potential conflicts in water management.
The level of recognition of these issues achieved in the policy life defines to some extent the management stage. The issues identified in this first step are recognized by the decision makers, and therefore at this stage designing and implementing the most effective policies based on reliable data is required. In the following step, each problem related to groundwater use was analyzed and developed, describing the causality chain, into the different components of the DPSIR framework ( Fig. 2) : driving forces (human activities that cause problems), pressures (effort put into the function/use of aquifers), state (the condition of water systems in terms of concentrations or hydraulic characteristics), impacts (loss of the function/usage) and response (measures to face the problems). As an outcome of this analysis indicators associated with each component of the DPSIR framework are proposed.
To carry out this work, relevant bibliography and preexisting data were reviewed. This objective interpretation was then combined with practical and long-term management knowledge of a group of experts from the water sector (consultants and former CONAGUA officials) convened in a workshop. The goal of the workshop was both to discuss about core issues and to identify variables from the managers' viewpoint. The results were incorporated to the analysis.
Results

Identification of management issues
According to official information, more than 97 % of all the water supplied to Mexico City from surface and groundwater sources is used for public consumption, 72 % being supplied from shared aquifers. Given the significance of shared aquifers as a drinking water supply source, water supply is identified as the key issue in water management (Fig. 3) .
The major problems affecting the use of aquifer systems as a source of drinking water are water level decline and groundwater pollution. Potentiometric level decline is a growing issue and it is widely recognized by water managers. Significant water level drawdown was observed in the regions where the PAI and Chiconautla system wells were drilled, as well as in the aquifers that supply the Lerma system and the ZMCM aquifer, whose regional drawdown has been studied by diverse authors (DGCOH 1994; Durazo and Farvolden 1989, and others) .
Groundwater pollution is a problem reported more recently. In the study area, there are many factors that have influenced the presence of contaminants in groundwater. Areas highly vulnerable to contamination are located in mountains and foothills surrounding the valley, where high values of hydraulic conductivity of the underlying granular material and fractured volcanic rocks contribute to the infiltration of contaminants from the surface (Mazari and Mackay 1993) . In addition, intensive groundwater extraction causes vertical migration of highly mineralized pore water from the overlying clay layers (aquitard) to the aquifers affecting their water quality. In addition, this process causes consolidation and cracking of the clay layers, which normally act as a pollutant barrier, leading to infiltration of pollutants into the aquifers (Durazo 1996) . In some areas, changes in groundwater flow patterns due to intensive extraction have been reported as the cause of water quality degradation (AIC 1995) . From the 1990s, these processes have affected the quality of groundwater to different degrees and, at present, contaminant concentrations exceed water quality standards at several locations. Water quality has been impacted in the southwestern areas of Mexico City, the PAI well fields in the north of the city, and the Lerma system well fields, in the Toluca Valley.
Problem-oriented indicators
Once the key issues affecting the groundwater sources that supply Mexico City were defined, the relations between driving forces, pressures, state, and impacts, as well as responses were identified (Fig. 3) . From the developed DPSIR framework, parameters that could be measured to assess each of the problem components were proposed. Table 2 presents a set of 83 potential indicators grouped into driving forces, pressures, state, impacts and responses. Some details will be explored in the following sections.
Driving forces
The growth of Mexico City in recent decades has been extensively evaluated in the context of rapid urbanization and creation of megacities in developing countries (Valladares and Prates 1995; Garza 1990) . During the 1960s, Mexico City experienced significant changes not only due to population growth, but also due to accelerated urban and industrial development, which resulted in the expansion of settlements toward both the State of Mexico and the rural areas of Mexico City (PNUMA 2003) . From 1950 to 2010, the population of Mexico City increased from 2.9 to 8.8 million and the number of houses was almost quadrupled while its Metropolitan Zone, that includes several municipalities of the State of Mexico, reached nearly 20 million inhabitants, becoming one of the largest urban conglomerates in the world. At present, the 8.8 million people living in Mexico City are distributed in 60,203 ha of urban areas and 88,442 ha of rural or conservation areas. Mexico City is one of the richest urban centers in the world contributing to approximately 20 % of the national GDP. Clearly, the expanding population, as well as the rapidly increasing industry and services sector have been the driving forces behind urban water consumption. These driving forces can be measured, for example, by the evolution of the number of inhabitants in the areas of the exploited aquifers.
Pressures
Demographic growth and an expanding economy have made groundwater an essential component of the water supply in Mexico City. Groundwater can be quickly developed, close to the point-of-use, at relatively low capital cost. Water wells make water supply possible without the need for surface-water projects and ensure water is available at critical times of drought. Balances carried out in the study area estimate annual rates of withdrawal significantly higher than recharge rates (SACM 2009; CONAGUA 2002a, b) . This mismatch has altered the natural condition of the groundwater systems leading to increasingly negative impacts in water quality and potentiometric level. For example, the relation between recharge and discharge is an indicator to assess pressures to the groundwater system. Sanitation infrastructure needed to support development has failed to keep pace with the rapid growth of the city, principally in terms of investment and management. Untreated wastewater disposal and deficiencies of the drainage systems have become critical problems that affect (Vázquez 1995) . In the period 1980-2000, 76 % of the new houses built in Mexico City (377,000 units) were located in the seven municipalities that contain the majority of the conservation area (Tortajada 2006) . A large number of these settlements, especially in the southern part of the city, have septic tanks due to the difficulty and elevated costs of building infrastructure on the volcanic rock substrate predominant in these areas. At the same time, old quarries and sand mines located in these highland areas are often used as waste disposal sites, increasing the hazard of groundwater contamination with trace elements and organic compounds.
State
The pressures from groundwater extraction, the discharge of pollutants and urban sprawl have changed the prevailing hydrogeological regime and water quality. There is wide evidence of the regional drawdown in the groundwater potentiometric level caused by the intensive extraction from the shared aquifers (SACM 2007; CONAGUA 2007a) . Based on records of potentiometric groundwater level from 1969, the average rate of drawdown is estimated at 1 m/year and reaches a maximum value of nearly 2.5 m/ year in the north of the city, where the Chiconautla system and three well fields of the PAI system are located (Carrera-Hernández and Gaskin 2007). Evolution of the groundwater level is a useful indicator to evaluate the state of groundwater resources. In some areas, intensive groundwater extraction has induced flow from the upper aquitard clay layers causing depressurization and consolidation of these materials. Where pumping has disturbed the groundwater flow pattern, different elements such as manganese, iron, strontium, barium, chloride and sodium, have been introduced to the water supply of Mexico City and its Metropolitan Zone (SMA 1999; Edmunds et al. 2002; Huizar-Alvarez et al. 2004 ). The increase in manganese and iron concentrations has been associated with the mobilization of water from the overlying clay, while the induction of vertical flows and flow from natural discharge zones are reported as the major cause of increasing concentrations of chloride and sodium.
Changes in the abstracted water quality that indicate anthropogenic pollution have been exposed in numerous studies (CONAGUA 2001 (CONAGUA , 2007a . Concentrations of ammonia nitrogen, microorganisms and trace metals, among others, exceeding the Mexican Health Agency maximum contaminant level were determined in domestic water supply wells located in the study area. For example, some wells supplying southern Mexico City are thought to be contaminated by leachates from the Santa Catarina waste disposal site, with electrical conductivity measured as high as 7640 lS (Paz-Becerril 1991).
Some authors report there has been a reduction in potential groundwater recharge due to changes in land cover in the area of Mexico City (AIC 1995; Sánchez Barrientos 2005) , nevertheless, determinations on the basis of quantitative analysis are scarce. Carrera-Hernández and Gaskin (2008) estimated the recharge rate in the ZMCM area (excluding the area covered by the aquitard because this unit is considered to be impermeable) using a daily soil water balance based on climatological variables in 1981 and the urban cover in 1981 and 1985. They estimated the recharge flow in the alluvial plain for 1981 (1.9 m 3 /s) and found almost a 20 % decline (to 1.6 m 3 /s) when considering the urban area in 1985.
Impacts
The pressures on the groundwater systems produce serious water supply inefficiencies that affect the service, and constrain the future supply. Land subsidence has been consistently documented as an impact of intensive groundwater extraction, which induces flows from the upper aquitard and causes the consolidation of these materials (Figueroa-Vega 1984; Cruickshank-Villanueva 1984; Rivera et al. 1991; González-Morán et al. 1999 ; Birkle et al. 1998 ). The subsidence accumulated over the last 100 years has reached more than 7.5 m in downtown and more than 15 m in some areas subject to more intense groundwater extraction and/or having thicker clay layers. These subsidence rates have caused extensive damage to the water supply, sewerage and stormwater infrastructure, increasing networks leakage, causing the loss of supply wells and flooding due to inversion of the land slope. The average land subsidence rate for different areas can be a useful impact indicator. Another impact associated with intensive groundwater extraction is the reduction in drinking water quality due to the mobilization of lower quality water over large areas. Additional causes of groundwater water quality degradation are contamination from improper waste disposal practices and network leakage. In some wells, drinking water quality impairment has forced the installation of a purification plant at the wellhead. The volume of groundwater that requires purification is a useful indicator to assess this impact.
The continuous drop in the water level has prompted the installation of deeper wells that require more energy to overcome the pumping lift. In many cases, the premature obsolescence of wells has required drilling new ones and consequently, high financial costs have been incurred to maintain the water supply.
Groundwater yield loss is another impact observed. For example, in a 6-year period in the PAI system, performance declined 20 % in the ''Los Reyes-Ecatepec'' well field, and 50 % in the ''Mixquic-Santa Catarina'' well field (CON-AGUA 2007b) . The magnitude of the impacts can be measured also by the number of wells out of operation either due to high concentrations of trace elements, decline in groundwater level or as a measure to stop land subsidence. As many as 86 wells were reported out of operation in the SACM by 2008, while 72 wells were relocated in the period 2006-2008. In the Lerma system, the number of wells out of service grew from 8 in 1997 to 39 in 2008.
Impacts on groundwater discharge flows have been exposed by Durazo and Farvolden (1989) , who attributed the reduction of groundwater discharge into wetlands and springs of the Xochimilco area, in the south of Mexico City, to the intensive groundwater withdrawal.
Management policy as response
While water management policies are possible at all levels in the DPSIR framework, in Mexico it has been principally linked with the task of supplying water to the public and sustaining economic activities under an engineering approach. Facilitated by centralized water management, large-scale supply systems as traditionally performed and other solutions of minor scale have been planned, financed and operated by the CONAGUA to cope with the water supply crisis.
To prevent the overuse of aquifers, protect the drinking water supply and preserve and control the water quality, in 1992 various amendments were introduced to the Federal Water Law. According to these, CONAGUA established prohibitions for new groundwater extractions and regulations for water access, creating the use rights market and incorporating the estimation of reserves of the country's main aquifers (Escolero and Martinez 2007) . Based on these estimations in the area of the aquifers supplying Mexico City, there is no water available to support additional withdrawal, and therefore the access to water has been restricted to water rights transfers that mostly take place when small farmers, often farmers in communal use lands, sell their water rights to industries or cities.
Drinking water quality impairment is becoming a more significant concern than quantity in some areas. To produce water that satisfies Mexican quality standards, some wells have been abandoned while in other wells, on-site purification plants have been installed. At some locations, the capacity and design of these plants is resulting insufficient due to continuously changing concentrations and the occurrence of new elements affecting water quality. This is particularly noticeable in areas such as Iztapalapa, Xochimilco, and Tláhuac.
Water supply has been identified by the authorities as one of the most critical hurdles to reach sustainability in Mexico City. The Worldbank (2013) predict that water demand of the Mexico City Metropolitan Area will grow by 28 % in 2030, generating a deficit of 25 m 3 /s, or up to 46 m 3 /s when taking current overexploitation into account. Until recently, the major contributions to close the gap had been projected to come from infrastructure projects that import surface water from external basins. The Temascaltepec project is the expansion of the Cutzamala system to increase the flow of transferred water to 24 m 3 /s. Three other projects refer to similarly large water transfers from the Amacuzac, Tecolutla and Atoyac rivers (CONAGUA 2007c) .
However, with the global paradigm shifts, water management exceeds the task of water supply as traditionally performed and instead calls for a set of diverse solutions integrating demand and supply management in fit-forpurpose schemes (Wolf et al. 2006; Martinez et al. 2011 , Bahri 2012 . In accordance, some changes were made within the most recent planning exercise in 2012, the Regional Water Program 2030 (CONAGUA 2012) . This program foresees increasing water availability not only relying on large import systems, but also incorporating additional water from the potabilization of the scarce surface water in the city, re-importing groundwater from the Mezquital and Tula valleys, and recharging groundwater with treated sewage and stormwater as a measure to restore the aquifers. To manage demand, a set of technical solutions are proposed aiming at achieving household water savings and reducing systems leakage.
Non-structural measures such as increases in the water tariff and actions to promote payment of services have been introduced, also partly to generate public awareness about the relative scarcity of the water resources. Based on the premise that water tariffs should reflect at least the service costs, the SACM applies a development index to calculate differentiated water tariffs based on the socio-territorial characteristics considering social development, wealth and income. Thus, the local government aims to encourage water conservation and protect the poorer sectors.
Sufficient funding must be provided according to the developed strategies. Since 1996, the mechanisms have been established for the states and federal government to allocate funds for the construction of hydraulic infrastructure in the Basin of Mexico (Fideicomiso 1928) and to support programs, projects and actions related to environment, water, sanitation, social infrastructure, and urban development among others, in the Metropolitan Area of Mexico City (Fideicomiso F685).
Important advances are made in the development of technical strategies and legal instruments to support water supply sustainability. However, these must be implemented considering competing stakeholder interests. Consequently, the success of water management requires inter-sectoral coordination and communication to enhance the efficiency of the interventions.
Discussion
The global paradigm shifts promote a more integrated policy making process that takes into account inter-sectoral policy coordination and stakeholder participation (Luzi 2010) . In this context, Mexico has initiated actions that will lead to a transition from policies being set by CONAGUA as the sole decision makers to a more decentralized water management scheme. However, conflicts of interests, divergence of opinion regarding the issues and the ways to approach them, topped with the pressure to resolve the urgent problems impede this transition.
The transboundary character of groundwater supplying Mexico City and the existence of multiple stakeholders relying on groundwater around and in the City promote the question of how these shared aquifers can be more effectively managed. To this end, suitable methodological approaches can contribute to bring together views and strategies and to assist decision makers and planners in water agencies and those who are involved in the development of sustainable water management schemes. Such approaches have been promoted by international agencies to support governments in management of transboundary water resources; however, this has been scarcely tested in aquifers shared within the same country.
In this work, an approach proposed by the UN/ECE was applied to the City of Mexico and indicators were developed from the relevant problems. The proposed indicators, as opposed to specific indicators such as groundwater resources sustainability indicators developed by the UNESCO/IAEA/IAH Working Group, (UNESCO 2007; Vrba et al. 2006) , were developed in a comprehensive framework considering local issues and the available information as well as information that is yet to be obtained. This contributes to their acceptance and implementation, while encouraging more effective communication between stakeholders such as policy makers, managers, scientists and the public.
The indicators identified from the applied methodological approach are proposed as a first step, more accurate tools can be incorporated later on. The strategy should focus on adopting a limited set of variables for each DPSIR component, using the available data, while efforts are taken to generate and collect additional data to assist in the formulation of new relevant variables.
Depending on the type, selecting a variable presents different degrees of difficulty. Drivers and pressure variables which are related to the socioeconomic system are available in databases at the National Institute of Statistics and Geography (Instituto Nacional de Estadística y Geografía, INEGI). This type of data has been surveyed in a standardized manner, at different local and regional scales, which makes it easy to interpret and use. The main information demands are associated with indicators of pressure, state and impacts related to the natural system. Existing data from different agencies must be processed under a standardized approach for ease of use. Data gaps may constrain the adoption of certain indicators, therefore concerted efforts must be made to collect and standardize the missing data, at the required spatial and temporal scales. When data are not yet available for calculating an indicator, its estimation can be qualitative, which in turn reinforces the need for data collection for a more precise formulation.
Development of databases and indicators are interlinked and interdependent activities. Proper data management routines can convert technical data into valuable information for decision makers, politicians and ultimately, resource users. Therefore, the information collected and the data produced by monitoring programs should be adequately stored and organized, assuring it is easily accessible. Establishing interagency agreements to foster the distribution and exchange of information is an essential step in the process of cooperation, to support policy making and management of groundwater resources.
The problems affecting water supply in Mexico City have reached a high level on the political agenda. Thus, more precise data and operational indicators are now needed to effectively design and implement management measures and evaluate their performance. Funding must be provided to improve monitoring and evaluation programs designed to fill gaps in the current groundwater knowledge and to maintain a robust database, in the context of water policy and management programs. The convoluted nature of political roles and responsibilities of the agencies managing the water supply in Mexico City has been an obstacle to develop coordinated action. Implementation of new approaches from the shared resources perspective and the development of common management tools will require negotiation and adaptation to provide the solutions to the water supply problems that the Mexico City society demands.
Conclusions
A methodological scheme integrating the concepts of usesproblems and the policy life cycle, with the DPSIR framework was used to identify key issues and to select indicators tailored to the local problems associated with managing groundwater resources supplying Mexico City. The proposed framework seems to be appropriate to support cooperation between the agencies responsible for management and development of the shared aquifers. The DPSIR methodology helped to explore and analyze, in a simplified manner, the relationships between the sources and outcomes of groundwater problems and, at the same time, helped to understand their dynamic. Thus, each issue describing the causality chain, from driving forces to impacts and response, could be represented by a linked variable.
Indicators are a useful tool for policy makers and managers because they provide simplified information of the current status and future trends of the systems, and can guide the formulation and evaluation of management policies. Implementation of indicators and other management tools in Mexico City will require water agencies to generate and exchange information, learning to coordinate actions and working together to face the water challenges that lie ahead.
